Abstract This paper presents the feasibility study of potential application of recently developed surface defect machining (SDM) method in the fabrication of silicon and similar hard and brittle materials using smooth particle hydrodynamics (SPH) simulation approach. Simulation study of inverse parametric analysis was carried out to determine the DruckerPrager (DP) constitutive model parameters of silicon by analysing the deformed material response behaviour using various DP model parameters. Indentation test simulations were carried out to perform inverse parametric study. SPH approach was exploited to machine silicon using conventional and surface defect machining method. To this end, we delve into opportunities of exploiting SDM through optimised machining quality, reduced machining time and lowering cost. The results of the conventional simulation were compared with the results of experimental diamond turning of silicon. In the SPH simulations, various types of surface defects were introduced on the workpiece prior to machining. Surface defects were equally distributed on the top face of the workpiece. The simulation study encompasses the investigation of chip formation, resultant machining forces, stresses and hydrostatic pressure with and without SDM. The study reveals the SDM process is an effective technique to manufacture hard and brittle materials as well as facilitate increased tool life. The study also divulges the importance of SPH evading the mesh distortion problem and offer natural chip formation during machining of hard and brittle materials.
Introduction
Silicon has great importance in optoelectronics, semiconductor, MEMS, space and defense industries due to its great electro-mechanical properties, great high-temperature strength and low thermal expansion properties. Silicon has been widely used as a semiconductor in computer peripherals, camera technology and in microelectronic industries. However, silicon with these enviable characteristics is correspondingly difficult to machine material and brittle fracture is an impediment to high surface quality during machining.
The materials believe to undergo brittle failure when at yield point fail to resist load prematurely without any ductile deformation. Machining brittle materials through plastic deformation was first narrated by King and Tabor [1] . During the abrasive wear of rocks, they observed plastic deformation of material along with typical brittle fracture. In plastic deformation, shear stress exceeds the critical value of materialdependent shear strength and deformation initiate due to slip in specific closed-packed crystallographic planes in specific directions.
Brittle materials such as germanium [2] , silicon [3] and silicon carbide [4] have been found to deform plastically and behave like metals due to the formulation of high-pressure phase transformation (HPPT) at tool-chip interface in which they transform structurally into different phases. The brittleductile criterion is also highly dependent on other cutting parameters such as critical depth of cut, tool geometry and feed.
Blake and Scattergood propounded the machining model of brittle materials in ductile mode based on critical chip thickness criteria [5] .
Different techniques such as X-ray diffraction, optical and various others have been exploited to study the phase transformation of silicon. Silicon retains diamond cubic structure in its natural state under normal conditions with a lattice spacing of 5.430710 Å [3] . The transition of crystalline silicon transpires at ∼11-12 GPa into β-sn metallic phase along with volume reduction. Above 14 Gpa, primitive hexagonal phase appears which sustains until reaching 40 GPa pressure at which it transforms into the hexagonal close-packed structure. With different loading and unloading conditions, silicon has been found to transmute into several other phases.
Ultra-precision techniques have been developed beyond lapping and polishing to fabricate soft and ductile material products with optical surface finish, e.g. using single-point diamond turning, diamond micro-milling and various others. Nevertheless, while machining hard and brittle materials such as silicon, silicon carbide, germanium etc., these techniques suffer from high tool wear and brittle fracture of workpiece material due to superfluous mechanical, chemical and thermal interaction of tool and workpiece material [6, 7] . Various seminal machining methodologies have been exploited to improve these ultra-precision techniques to achieve reduced tool wear and improved surface finish. Table 1 lists few of the developed methodologies successfully tested against some of the hard and brittle materials.
In an effort to improve the machinability of hard materials, the SDM method was recently developed and comparatively tested in hard turning of AISI 4340 steel using conventional and SDM method [21] . The hard turning trials of AISI 4340 were carried out on Mori-Seiki SL-25 Y CNC lathe using CBN tool inserts with and without surface defects. Surface defects in the form of equally spaced holes with 0.9 mm diameter and 0.1 mm depth were generated on the workpiece surface using Trumpf (CO 2 ) laser machine with 2.7 kW peak power. The trial results revealed the potential of SDM in achieving improved surface roughness, reduced cutting temperature and lower cutting forces and consequently reduced tool wear.
The elementary concept of SDM is to reduce the surface strength of the workpiece in the chip formation zone. This method entails the generation of surface defects offline at a depth less than the uncut chip thickness using sophisticated mechanical, thermal or any other suitable methods before the actual machining. In SDM, material removal results in weak interface layer on the top face which is of critical importance in stress degradation. Material defects lead to discontinuous and broken chips and result into reduced cutting temperature and lower tool wear [22] . The SDM method offer reduction in the shear strength reduced residual stresses and reduced temperature which motivate better surface finish and less tool wear.
The choice of selecting the surface defects generation method is based on low cost and time, damage control and its dependence on material machinability. Surface defects can be generated using laser as well as different types of patterning tools with different structures. Different structures induce different chip flow type and direction and offer varied resistance to cutting and therefore carry significant importance in the deformation mechanism. The damage can be introduced on the workpiece surface in the form of holes, multi-shaped grooves, channels and various other structures. The shape of these defects or structures may differently contribute to reduction in cutting temperature, cutting resistance and machining energy and therefore various defects should be tested for comparison.
Nevertheless, trials of these techniques to understand the machining mechanism are costly to implement due to expensive tooling, equipment and time cost. Finite element simulation provides cost effective, time efficient and detailed analysis solution to this problem. In the first part of this paper, SPH approach is discussed. In the second part, inverse parametric analyses were performed to determine the DP parameters of silicon. In the next section, SPH simulation model was developed for silicon subjected to diamond turning. The SPH Mild steel/carbide [15] , hardened steel/diamond [16] Turning, milling, drilling
Laser-assisted machining CO 2 laser, Nd/YAG [17] Tool steel/CBN [18] , titanium [19] , silicon/ diamond [20] ,r e s u l t si n extreme deformation [23] .
Finite element analysis of metal cutting using Lagrangian [24, 25] , Eulerian and Arbitrary Lagrangian-Eulerian [26] approaches have been extensively exploited. However, machining of hard materials using positive and particularly negative rake angle tools is still a challenge due to high mesh distortion. Figure 1 illustrates the mesh distortion issue in machining hard materials. Lagrangian method evolved to meshless particle methods providing a solution to mesh distortion in large deformation processes. Particle methods offer connectivity-free nodes that eliminate the problem of mesh distortion due to connectivity restrictions in mesh-based methods during large deformation. The main particles methods exploited for machining simulations include Element-Free Galerkin Method (EFGM), Finite Pointset Method (FPM) and SPH method. Although these particle methods serve many common features, their approximation criteria are different. Although EFG offers solution accuracy to both explicit and implicit problems surpassing to SPH which is more efficient in explicit applications, the method is slower than SPH [27] . FPM method mainly employed for glass forming simulations and later adopted for cutting simulations [28] . Considering an efficient approach in terms of accuracy and computational cost for cutting process, SPH employed in this paper to simulate the diamond turning process of silicon.
Smooth particle hydrodynamics
SPH approach was first developed by Gingold and Monaghan in 1977 [29] for astrophysics applications. SPH uses kernel approximation to approximate field variables and properties in the domain (Fig. 2) .
SPH approximate field variables at any particle by classical summation of smoothing function values of neighbouring particles within a sphere of influence. The length that defines the sphere of influence is based on smoothing length, and it is the maximum distance to which the interaction can occur.
Where f(x) is a scalar function and subscript b represents the neighbouring particle of the particle a for which field variables need to be approximated. W is smoothing Kernel function with radius h, called smoothing length. m b and ρ b are mass and densities of particle b. X b is the location of particle b with its value f b . In the SPH method, all particles have physical degree of freedom and each particle movement is influenced by its neighbouring particles located within the sphere of influence of radius r which is two times the smoothing length, 2 h. The particles beyond the area of influence do not contribute to the intrinsic property of cohesion on the particle of interest. In SPH formulation, particles interact with each other based on defined constitutive equations. SPH has also successfully been exploited in metal forming [30] , metal cutting, indentation [31] , fracture mechanics [32] , geomechanics [33] and structural mechanics [34] studies.
In comparison with FEM, SPH approach was found less efficient in studying processes with tensile instability [35] or small deformation processes. Nevertheless, it has been found more effective to study large deformation processes than Lagrangian mesh-based approach. SPH approach has also been found to perform in an analogous manner to FEM following sensitivity analysis of particle resolution, mass-scaling and better than FEM in interface friction criteria [36] . In metal cutting processes, SPH method has been used to study chip Lagrangian element SPH approach formation of soft metals such as copper [37] , aluminium [38] as well hard materials such as titanium alloys [39] . Limido et al. [40] conducted a comparative study of chip morphology of aluminium alloy and steel using 2D SPH approach, classical Lagrangian FEM and experimental approach. They found realistic chip formation and proportional cutting forces using SPH approach for both materials. Calamaz et al. [41] employed SPH approach to investigate the effect of tool wear on the variation of chip formation of titanium alloy Ti6A14V and experimentally validated the results. Machining simulation of soft metals can be achieved using mesh-based FEM method. However, chip formation of hard materials such as silicon and silicon carbide is difficult to achieve and becomes impractical when using higher negative rake angle tools. Silicon being one of the hardest and pressure-dependent materials and due to the unavailability of high strain rate, stress-strain data have never been simulated (in the author's knowledge) for cutting process using SPH. SPH method is adopted in this paper to perform cutting simulation of silicon using appropriate pressure-dependent constitutive DP model.
Determination of Drucker-Prager parameters for SPH model
In order to study the deformation behaviour of silicon in the simulation of diamond turning, DP model was considered constitutive criteria. DP model explicates the material response behaviour of granular-like soils, rocks and other alike pressure-dependent constitutive materials. The machining response behaviour of pressure-dependent materials can be expressed in terms of strength that increases with increasing pressure. The compressive strength of silicon is higher than its tensile strength [42] , which is an elementary criterion of using DP model. Under certain hydrostatic stress, the material is found to behave in ductile mode rather than brittle fracture. This behaviour clearly predicts an increase in strength of silicon under loading conditions. In order to implement DP model to simulate deformation behaviour of silicon, the compressive crushing of concrete can be replaced by the compressive plasticity of silicon and tensile dilatancy of concrete be ignored [43] .
Experimental uniaxial and triaxial tests are required to obtain the constitutive parameters of materials for different versions of DP model. No experimental triaxial compression and tension data is available for silicon in the author's knowledge. In the absence of experimental data, numerical parameter optimization techniques can be used to obtain these parameters. However, the resultant parameters from optimization techniques are highly dependent on the initial assumption. In this work, an inverse parametric analysis method was adopted to determine the DP material parameters of silicon. Indentation test simulations were carried out over a range of various DP model parameters systematically chosen to acquire the required agreement between experiment and simulation results.
Drucker-Prager model
Since the von Mises yield criterion implies the dependence of material yielding solely on second deviatoric stress tensor J 2 and is independent of the first stress invariant I 1 , the yielding sensitivity to hydrostatic stress tensor is not incorporated into pressure-sensitive materials. Drucker and Prager in 1952 [44] proposed a model to address the effect of mean (hydrostatic) stress for pressure-sensitive materials which von Mises yield criterion failed to address. The proposition acknowledged as Drucker-Prager model (also known as extended von Mises model). The Mohr-Coulomb and DP model with its yield surface are presented in Fig. 3 . DP theory in principle is also a modified form of Mohr-Coulomb's theory. The DP yield criterion is expressed as:
Where I 1 is the first invariant of stress tensor and J 2 is the second invariant of the deviatoric stress tensor. α is the pressure sensitivity coefficient, and d is known as the cohesion of the material. In DP model, the yield surface is the function of pressure and J 2 .
The pressure-dependent linear DP yield function has also been expressed in three stress invariants [45] and inscribed as
Where p is the equivalent pressure stress and c is the material parameter known as the cohesion of the material. The term tanβ represents the yielding sensitivity to hydrostatic pressure, and β itself is the slope of the linear yield surface in meridional p-t stress plane and also known as friction angle of the material. The parameter ti sdeviatoric effective stress and expressed as
and for uniaxial compression
Where K is the ratio of yield stress in the triaxial tension to triaxial compression, q is von Mises equivalent stress and ris the third invariant of deviatoric stress.
The evolution of equivalent plastic strain can be expounded using flow rule during deformation and provides the plastic strain relevance to stress components. Flow rule is stated in terms of plastic strain rate in the form of the following equation
In Abaqus, the flow potential is written in the form as
Where g is the flow potential and Ψ is dilation angle in the p-t plane.
Inverse analysis to find DP parameters
It is observed numerically that plastic zone of the pressuresensitive material is more expanded in width and depth than that of pressure-insensitive materials [46] . High compressive strength and high stiffness of silicon make it hard to explicate its behaviour under indentation. Phase transformation of silicon from diamond cubic to β-s as well as in other forms is generally accompanied by micro-cracking.
Scratch tests [47] , as well as various indentation tests with different types of indenters including Berkovich [48]a n d spherical [49] , have been conducted to determine the phase transformation of silicon under different loading and unloading conditions. The elastic-plastic indentation is regarded as a complex process due to the involvement of nonlinear constitutive equations and various other variables. Indentation load and unloading rate define the formation of final phases of silicon in indentation test. DP parameters were optimised to match the load-displacement curve of finite element simulation with the experimental results [50] .
In DP model, yielding depends on hydrostatic pressure and increasing confining pressure cause increase in material strength. In the experimental indentation tests [50] , a sphero-conical diamond indenter with 90°included angle and tip radius of 13.5 μm was used to perform indentation on silicon sample. In order to avoid size effect [51] , the diamond indenter radius, silicon wafer thickness, indentation depth, loading and unloading conditions were kept identical to the experimental conditions. In experimental work, Si wafer with (111) crystal orientation was subjected to indentation with the conical-spherical indenter. In the simulation study, both the diamond indenter and silicon specimen were modelled axisymmetric to circumvent the computational cost. The indented silicon was modelled as a 2D axisymmetric deformable part using four-node axisymmetric element CAX4R. Figure 4 shows the schematic of the 2D axisymmetric indentation test. A smooth refined mesh is selected at and near the contact area of the specimen to avoid any discrepancy in the computation. In order to reduce unnecessary computational time due to excessive mesh density while maintaining good simulation accuracy, a convergence test study was conducted. The von Mises stresses were used as an indicator to obtain satisfactory mesh refinement in the convergence test. The total number of elements recorded for silicon was 20,416. The material properties with an elastic modulus of 155 GPa and Poison's ratio of 0.2 were used based on experimentally measured values. The diamond indenter was modelled as rigid part with 13.5 μm edge radius and 90°included angle similar to the one used in the experimental indentation. The silicon workpiece is indented at a depth of 1100 nm to obtain and compare reaction forces with experimental results. Penalty friction formulation was adopted with a coefficient of friction of 0.2 for diamond-silicon contact, and hard contact was chosen to define contact pressure-overclosure relationship with constraint enforcement method as default.
Indentation test results and discussion
DP parametric evaluation was performed with more than 30 simulations by considering the effect of different values of friction angle, dilation angle and flow stress ratio. It has been observed that by increasing the friction angle β results in an increase in compressive strength of the material. Since the flow stress ratio range is limited by the 0.78 ≤ K ≤ 1condition and found to have very little effect on the load-displacement curve in this range, the most favourable K value of 0.82 was kept constant after verifying the effect. Table 2 lists different selected properties with favourable results out of many other properties tested in this simulation study. The relevant parameters were selected which influence the model behaviour and offer a reasonable reduction in error difference between experimental and simulation results. In order to assess the dependency of the model on a certain parameter, other parameters were kept constant and the model was tested for varied parameter values.
The dilation angle Ψ relates to the volumetric strain during plastic deformation, and it remains constant during plastic yielding. The condition Ψ = 0 corresponds no volumetric strain, Ψ > 0 shows volume increase and Ψ < 0 signify a reduction in volume. Silicon exhibit volume reductions of 20-25 % [52] under loading when enduring pressure-induced phase transformation, corresponding to negative dilation angle. Stress, strain and other internal state variables are evaluated to characterise the material behaviour under loading and unloading conditions. The hydrostatic pressure was measured for different DP parameters β and Ψ values in all the indentation tests, and the values of hydrostatic pressure were found to occur in the range of (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . Since this range lies in the structural transformation zone of silicon, plastic deformation would be the possible outcome leading to phase transformation in highpressure range with little brittle fracture at low pressures. Indentation of silicon results in crack generation as well as Crack generation in indentation test instigated at point where the fracture strength of the material dissolved by increased local maximum principal tensile stress. Figure 5 shows the hydrostatic pressure for the DP parameters of property 10. Hydrostatic stress is the measure of average of three principal stress components and described as
Where σ is the hydrostatic stress and σ 1 , σ 2 and σ 3 are the stress components in three principal axes x, y and z,r e s p e ctively. The hydrostatic stress gradient in the indentation zone was found to reach the highest under the indenter tip and reaches to 14 GPa for full indentation depth.
The variance effect in dilation angle Ψ and friction angle β on the hydrostatic pressure was also observed, and it was found that the hydrostatic pressure decreases with the increase in the negative dilation angle. Also with the increasing friction angle β, the hydrostatic pressure was found to increase. Figure 6 presents load-displacement plot for different DP constitutive parameters. The values of each DP parameters were optimised periodically using trial and error method to remove the error difference between experimental and simulation results. The values of dilation angle changed between the two extremes to find the material load behaviour. Any increase in the negative dilation angle was found to decrease the reaction forces and any increase of friction angle was found to increase the reaction forces as well as the computational cost. In the simulation study, DP parameters of property 10 were found as unique parameters to achieve the required agreement (less than 4 % error) to the experimental curve.
SPH machining model of Silicon
SPH simulation model of conventional cutting was developed with negative rake angle tool. Figure 7 represents the SPH model of cutting process of diamond turning along with its kernel approximation. The cutting tool was modelled as a rigid tool using C3D8R elements. The silicon workpiece was modelled as a deformable part with dimensions of 360 × 180 × 100 μm using PC3D elements to handle high deformation in cutting process. A convergence study was carried out based on von Mises stress to determine the optimal particles density for obtaining accurate simulation results with computational efficiency. The SPH particle density was kept homogeneous throughout the workpiece part in order to avoid any undesirable stress concentration. The bottom surface of the workpiece was kept fixed in all directions to achieve required stiffness. The depth of cut was 10 μm, and cutting velocity of 6.3 m/s was applied to the tool in the negative xdirection. Table 3 lists the elastic and plastic properties of the material. Elastic-brittle/perfectly plastic response behaviour of silicon was investigated using pressure-dependent DP yield criterion.
The material model parameters obtained through inverse analysis were used to simulate the cutting process. SPH can simulate the chip separation naturally and therefore chip separation was achieved without introducing any physical, geometrical separation criteria or damage model. The simulation model analyses the mechanical interaction between silicon workpiece and diamond tool. In cutting operation, the slip between different layers of atom results in chip formation and cutting is mainly subsidised due to the shearing action. Figure 8 illustrates chip formation of silicon at the steadystate condition. The chip formation was observed with the combination of plastic deformation in the chip formation zone with minor brittle fracture on the free chip surface. The von Mises stresses reached beyond yield strength of silicon showing machining through plastic deformation.
Experimental validation of SPH model
In order to assess the validity of the developed SPH simulation model, diamond turning of single crystal silicon was performed and cutting forces results were compared with the simulation results. Silicon with crystal orientation (111) was machined using Precitech Nanoform 250 ultra-precision diamond turning machine.
Single crystal diamond tool with round edge was used to machine silicon. Silicon is known to expedite high tool wear during machining ensuing shorter tool life and degradation of surface quality. Since the surface depreciation also attributed to pre-machining cracks and crack initiation in the primary shear zone and their propagation into the machined surface, the silicon wafer was carefully observed for any premachining defects and surface cracks. Table 4 lists the specification of the silicon wafer and diamond tool along with cutting parameters used in the machining experiments. Diamond tool was examined under SEM for any prior damage before diamond turning. Cutting forces developed during machining were monitored and recorded using three-component Kistler dynamometer 9256, charge amplifier and an advanced data acquisition system with Dynoware. Figure 9 shows the machining setup of diamond turning of silicon.
Cutting forces result comparison
In order to avoid any inconsistency in machining and simulation model, the cutting velocity, depth of cut and rake and clearance angle are kept in the same values in both studies. In machining, cutting forces significantly influence by toolchip interface friction parameters, material properties as well as tool geometry [53] . Classical Coulomb's friction model has been widely used in machining due to its simplicity and has a significant effect on the magnitude of cutting forces. The friction coefficient between diamond and silicon in machining is always approximated and has not yet been identified with certainty [54] . In SPH, a tool-chip interface friction criterion is governed by the interaction of stressed particle and its effective neighbouring particles. SPH, therefore, offers internal friction criteria of the particles between the tools and the workpiece when both are modelled with SPH particles, and therefore, no Coulomb's friction coefficient is required. However, Abaqus does not allow the interaction of two different SPH particles parts; the tool was modelled with Lagrangian meshbased approach. Penalty friction formulation with a friction Fig. 9 Machining setup for diamond turning silicon Fig. 10 Thrust forces comparison of experimental and simulation model coefficient of 0.2 was used in SPH machining model. Cutting forces were recorded for both experimental work and simulation model. Figures 10 and 11 show the comparison of thrust forces and tangential cutting forces, respectively, obtained through experimental and simulation studies. In both the experimental and simulation model, cutting forces increase sharply as the tool makes contact with the workpiece. After the initial chip formation stage, the forces remain stable with slight variation indicating steady-state cutting. It can be seen that in the experimental study, both tangential and thrust forces are slightly higher than the simulation model. The percentage difference in the average tangential and thrust forces obtained from experimental and SPH results was measured in the equitable range of 12.8 and 13.2 %, respectively. The differences between the simulated cutting forces with those obtained through cutting trials are due to ideal (no internal defects) diamond tool and silicon workpiece are assumed and machine stiffness effects were not considered in order to reduce the complexity of simulation model.
Surface defect machining simulation
Results from SPH simulations of conventional and SDM machining of silicon were compared and any transition in the cutting forces, material removal behaviour and stress distribution were investigated to evaluate the SDM approach. Surface defects of different types were introduced onto the workpiece top surface of validated SPH model. Both conventional and SDM machining simulations were carried out with similar cutting parameters and tool geometry. The particle density was maintained virtually homogeneous around the defects in order to avoid any artificial stress concentration as well as to maintain sufficient particle resolution around the defects. Figure 12 presents the different type of surface defects used to evaluate the surface defect machining of silicon. Surface defects were equally distributed on the top surface of the workpiece with an internal distance of 10 μm. Table 5 list the dimensions of defects exploited in SDM study along with model details.
Results and discussion

Chip formation
In the conventional metal cutting process, chip formation is due to the shearing action in which layer of front atoms slip over the subsequent layer of atoms [55] . In machining silicon, the chip formation is usually through a combination of plastic deformation and brittle fracture resulting in a mixture of continuous and discontinuous chips (dependent upon hydrostatic pressure). In diamond turning trial in this study, the depth of cut is controlled below brittle to ductile transition point. Silicon chips were therefore removed in ductile mode and good surface finish of 5 nm was achieved. Figure 13 shows continuous chips obtained during machining trials. Figure 14 shows the chip formation as well as the distribution of von Mises stress in conventional and SDM machining with different type of pre-formed defects.
The maximum value of von Mises stress reached ∼16 GPa in conventional machining whereas the stresses in SDM machining reduced for all the defects. The maximum reduction in von Mises stress was observed in vertical defects for which the highest value reached 14.6 Gpa.
In conventional machining, when no defects are present, the atoms on the uncut chip layer intact with each other provide strength to the material. Due to this bonding strength, reaction to any induced stresses results in the resistance to deformation by the layer of atoms present in front of the tool cutting edge. The front atomic layer transfers the stress energy to the following unstressed layer of atoms and causes stresses 
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Horizontal channels Square defects Fig. 12 Surface defect patterns in SDM simulations to develop in the larger area in front of the tool as well as an increase in shear strength of material. This, therefore, results in brittle fracture in the weak zone due to anisotropic strength property of the material. Depending on the rake angle of the tool, this phenomenon transpires in the surface layer in front of the positive rake tool as well as front and under the surface in the negative rake angle tool.
In SDM machining, this front atomic surface layer can only pass partial strain energy to the unstressed atoms due to the defects present between the layers results in chip formation with less cutting force and less influenced area. Depending on the defects type, stress distribution localises within chip formation zone which also facilitates chip reduction in the secondary deformation zone. In SDM machining, the material removal in front of the cutting edge remains continuous, whereas, on the free surface of the chip, it removes through brittle fracture. The disintegration of particles in SDM machining on the free surface side of the chip can be observed in Fig. 14 compared with conventional machining in which the particles of the chip are more compact and connected. This brittle failure on the free surface of the chip offers a reduction in cutting resistance. In conventional machining, where plastic deformation is dominant on both sides of the chip, silicon offers high resistance to plastic deformation and therefore requires high energy and result in higher cutting forces in plastic deformation than brittle fracture.
Primary shear zone
The schematic of conventional cutting with chip formation and illustration of primary and secondary shear zone is presented in Fig. 15 . Shear stresses, strain rate and temperature are significantly influenced by the change in geometry of primary shear zone [56] . The geometry of the primary shear zone is governed by the shear plane angle (∅ s ) and the ratio of the length of the primary shear zone (l AB ) to its thickness (t p ).
The shear strain prevails in primary shear zone area with maximum strain at plane AB. The strain AB is described in Eq. 9.
In Eq. 9, ε AB is shear strain in the primary shear plane AB. The angle α is the rake angle of the tool and φ s is the shear plane angle. Figure 16 shows the comparison of shear plane length for the conventional and SDM machining with vertical and square defects. A significant reduction in shear plane length can be observed from 14 μm in conventional to a maximum of 8 and 11 μm when machining with vertical and square defects, respectively. The shear plane length varies with reference to defect position and reduces to 4 μm near the defect area. Chip length in the secondary deformation zone was also found to reduce in SDM machining compared with conventional machining.
The variation in primary shear zone geometry in three different types of defects (including analogous V-type defect for illustration purpose) is explained in Fig. 17 . It can be seen that in all three types of surface defects, the length of the shear plane (l AB ) reduced in slight disparity as well as reduction in shear plane area. The shear plane length varies sequentially throughout the cutting distance travelling through continuousdefect-continuous areas, whereas in conventional machining, this length remains constant throughout the cutting distance. Shear plane area and shear strain magnitude increase when using negative rake angle tool [57] result in higher cutting forces.
In SDM, the depreciation in the shear plane area contributes to the reduction of shear strength of the material in the primary shear zone. The shortening of shear plane length in the primary shear zone also reduces the secondary shear zone eventually reducing cutting resistance. In the primary shear area a-b-c in all three defects, the length of the upper region (l ab ) is shorter than the length of the lower region ((l ac )a n d therefore endure high strain rate in upper regions than the lower region. Chip separation starts from smaller high-stress state region (zone I) towards larger region (zone II) with maximum stress concentration in both zones. Figure 18 encompasses the comparison of normal force for multiple surface defects recorded against regular time steps during cutting simulations. The variation in cutting forces trend for multiple surface defects ascertains varied cutting resistance offered by different defects type. The cutting resistance of the material is overwhelmed by the cutting force component (F c ) whereas the negative rake angle of the tool compresses the material layer and causes increase in normal force component (F n ) on the tool [58] . In conventional machining, the cutting force originates with a sharp increase at initial tool contact with the workpiece. Fig. 16 Comparison of shear plane length in conventional machining and in SDM with vertical defects preliminary chip separation from the workpiece and reaching a maximum value. The cutting force stabilises with little disparity due to continuous machined surface in the succeeding cutting.
Cutting forces
The SDM process characterised by unique defects forming variable contact pressure and cutting resistance and therefore undergo different cutting force trend. With the initial tool contact with the workpiece surface, the cutting force increases until tool reaches the defect area where the tool faces less resistance due to sporadic contact with the workpiece surface. The cutting force magnitude in all SDM simulations was established lower in comparison with conventional machining. In conventional diamond turning silicon, although the chip morphology is hydrostatic pressure dependent and obtains in the combination of ductile and brittle fracture, in SDM machining, brittle fracture is dominant on the free surface of the chip. This also reduces the secondary shear zone length which consequently reduces the cutting forces [59] . In the horizontal SDM simulation, the highest cutting forces were obtained from other defect type simulations. This is due to the defects existing parallel to the cutting direction which does not considerably affect primary and secondary shear zone area. It can also be observed from Fig. 18 that each defect offers a different force magnitude with square and round defects offering the lower cutting forces.
A comparison of average thrust force magnitudes in all simulations and experiments was presented in Fig. 19 ,s u bstantiating the effectiveness of SDM method.
5Conclusions
SPH simulations of orthogonal cutting of conventional and SDM method have been carried out to establish the effectiveness of recently developed SDM method in diamond turning silicon. The efficacy of SDM method was demonstrated by evaluating the material response behaviour under conventional and SDM machining approaches. Cutting forces and steady-state chip formation in different defect type simulations were studied. The study reveals that SDM can be effectively exploited to attain better surface finish and reduced tool wear in single point diamond turning process. The results from the experimental and simulation study can be concluded as follows:
1. Surface defects on the workpiece surface reduce the shear plane area and shear plane length of the primary deformation zone. This phenomenon contributes to lowering the shear strength of the material in the chip formation zone which helps in relaxed chip formation and lower cutting temperature. 2. SDM approach offers reduction in the cutting resistance of the material and therefore a decrease in the cutting energy. Consequently, it reduces diamond tool wear and improves surface finish. 3. The decrease in chip length during SDM machining contributes in reducing the secondary deformation zone length and hence reduced tool wear.
